The Baiu (Mei-yu) front over East Asia in the global warming climate as well as that in the present climate is simulated using a non-hydrostatic regional climate model (NHM) with a horizontal resolution of 5 km, which explicitly calculates the microphysical processes without a cumulus parameterization. The simulation results of the present and global warming climates were compared to clarify the change in the characteristics of the distributions of cloud and precipitation particles. The vertical profile of the mixing ratio of each hydrometeor category slightly shifts about 1 km higher in the global warming climate. The mixing ratios are generally larger in the global warming climate by a factor of about 1.3 at the middle of the Baiu frontal zone. No significant difference is found in the mass ratios of solid precipitating water to total water and non-precipitating water to total water between the climates. This is a reflection of that the shape of each hydrometeor profile is similar between the climates. The approximate formulas of the mass ratios among water substances were obtained.
Introduction
Global warming is currently one of the most vital issues because it influences the ecology, which represents all resources for life. In order to estimate the impact of global warming, a super-high resolution global climate model (AGCM) and a cloud-resolving nonhydrostatic regional climate model (NHM) were developed in the Kyosei project funded by the Ministry of Education, Culture, Sports, Science and Technology of Japan since 2002. The main purpose of the study with the NHM is to clarify the activity changes of severe weather, such as typhoons and Baiu fronts, in a climate of global warming (Yoshizaki et al. 2005) .
The focus of this study is to determine how global warming changes the existent ratio of each hydrometeor to total water, including solid and liquid hydrometeors in the atmosphere. This study also provides the approximate formulas which represent the relationships between the temperature and mass ratios of hydrometeors.
Numerical experiment

Design of the numerical experiment
The model domain covers the area of 4000 km × 3000 km over East Asia with a horizontal resolution of 5 km (Fig. 1) . The top height of the model is about 22 km. Forty-eight variable vertical layers are used. Time integration up to 80 days is conducted for every Baiu season for ten years in both the present and global warming climates in a one-way nesting manner, with the initial and lateral boundary values provided by the AGCM with a horizontal resolution of 20 km (Mizuta et al. 2005) . Those numerical simulations required an enormous computational resource. Therefore, they were performed on the Earth Simulator. A more detailed specification of NHM is provided in Kato et al. (2004) . For the cloud and precipitation processes, the NHM does not use a cumulus parameterization but explicitly calculates the microphysical processes of five categories of liquid and solid water substances: cloud water, rain, cloud ice, snow, and graupel with bulk parameterization (Ikawa and Saito 1991). Two-moment scheme, which predicts both the mixing ratio and number concentration, is applied to all the categories. Since the gravitational sedimentation of cloud water and cloud ice is assumed to be negligibly small in the NHM, they can be defined as non-precipitating water. Other water substances are defined as precipitating water. For the autoconversion of cloud water into rain, we used the scheme of Cohard and Pinty (2000) , in which the volume-mean size and variance in the size spectrum of cloud droplets are considered to prevent a subjective determination of the conversion rate. It is possible that the results of this study are dependent on a choice of microphysical frame- works. We compared the surface precipitations between one-(in which only mixing ratio is predicted) and twomoment schemes for the cloud and rain water categories, and found that the reproduction of weak rain about 1 mm h 1 is better for the two-moment scheme. However, it still is open what kind of influence is occurred by more sophisticated frameworks (e.g., bin or threemoment schemes).
Model performances for reproduction of hydrometeors
As stated by Yoshizaki et al. (2005) , the NHM with 5-km horizontal resolution (5-km NHM) underestimates the surface precipitation amount about 30% for a whole area of Japan in the experiment. With respect to the reproduction of climatological characteristics of hydrometer profiles, it is quite difficult to evaluate the accuracy of a model because the observational data set useful for this purpose is rare at present. However, the distribution of hydrometeors simulated with 5-km NHM was validated in the case study with the airborne measurement of the Baiu front by Murakami et al. (2005) . The NHM basically well reproduced the characteristics of the observed distributions of hydrometeors, although it was found that the 5-km NHM tends to produce a large amount of small graupel particles in the upper layers in and around the updraft, as compared with observation. Despite some discrepancies between simulated and observed hydrometer distributions, it is still worthwhile to focus on the effect of global warming on the amount of hydrometeors in atmosphere using the same NHM.
Sensitivity of model results to horizontal resolution
Since the simulated hydrometeor profiles may change with horizontal resolution, we performed a sensitivity test to evaluate the effect of horizontal resolution. Three cases of the Baiu front (22, 23, and 27 June 2002) , which were observed during the field project, "X-BAIU-02", were simulated with the horizontal resolutions of 5 km and 2 km in the small domain (1,000 km × 1,000 km), as shown by the area (C) in Fig. 1 . The water substances of the 5-km NHM (broken lines in Fig.  2a ) have larger amounts than those of the 2-km NHM (solid lines in Fig. 2a ). Mean vertical mass flux of air in the 2-km NHM (solid line in Fig. 2b ) is smaller, but its standard deviation is larger than that in the 5-km NHM (broken line). The simulation with finer resolution produces a variety of strength of convection and splits a large convective cell, which is simulated with coarser resolution, into smaller cells to reduce updraft area. Those effects make the domain-averaged vertical air motion weak, which results in smaller amount of water substances on average. Therefore, we note that the amount of hydrometeor simulated with the 5-km NHM shows the positive bias (up to about 15%) as compared with the 2-km NHM. However, the shapes of the profiles are similar between different resolutions, which indicate that the 5-km NHM without cumulus parameterization is able to reproduce the characteristics of the hydrometeor profiles as similar with the 2-km NHM except for the amplitudes of profiles. With respect to the mass ratios among water substances which will be discussed in the sections 4.2 and 4.3, the dependence on the horizontal resolution was hardly found (not shown).
Analysis
All analytical results reported in this study were based on data sets that have a resolution of 10 km in horizontal and 17 pressure planes from 1000 to 100 hPa in the vertical, after converting from the original data acquired in the numerical experiment with a horizontal resolution of 5 km and 48 layers in the vertical. This downsizing of data was necessary for the analysis because of a limit of capacity for data storage. Although the NHM has two separate categories for nonprecipitating water, cloud water and cloud ice, their masses are summed up and processed as a single category for non-precipitating water. As shown in Fig. 142 2a, the water mass carried by cloud ice was much smaller than that carried by the other water substances in the experiment. The data mentioned above were averaged in June and July for 10 years. Figure 1 shows a daily surface precipitation averaged in June and July for 10 years in the present climate. The precipitation area, associated with the Baiu (Mei-yu) front, extends widely from the East China Sea to the Pacific Ocean far east of Japan. Figure 3a shows the vertical profiles of the mixing ratios of water substances averaged in the rectangle (A) shown in Fig. 1 , which covers around the Baiu frontal zone. In the present climate (broken lines in Fig. 3a) , the freezing level is located at a height of about 5 km. Cloud water and rain dominate from the surface to this height. The predominant substances change off with snow above the freezing level. Little water is carried by graupel because graupel particles are limited in strong updraft regions. In the global warming climate (solid lines), the non-precipitating water and snow distribute about 1 km higher than those in the present climate (broken lines). The upward shift of the lower limit of the distribution of snow, which corresponds to the ascent of the melting layer, is caused by the warming of the atmosphere (Fig. 4a) . The values in the vertical profiles of non-precipitating water, rain, and snow generally become slightly larger in the global warming climate. This is consistent with the feature that the amount of water vapor increases at all levels in the troposphere due to global warming (Fig. 4b) . Figure 3b shows the hydrometeor profiles averaged in the rectangle (B) shown in Fig. 1 , which is located near the middle of the Baiu frontal zone. In this region, the increase in the amount of hydrometeors by a factor of about 1.3 due to global warming is more obvious than in Fig. 3a . It is fair to say that the condensational and depositional growth of cloud and snow particles is enhanced especially at the middle of the Baiu frontal zone. The increase in cloud and snow water causes more production of rain water, which results in the increase of the surface precipitation from 5.3 mm day 1 in the present climate to 7.1 mm day 1 in the global warming climate. Figure 5 shows the relationships between the temperature and mass ratio of solid precipitating water (snow and graupel) to total water (cloud water, rain, cloud ice, snow and graupel), Rm(Solid prec), and mass ratio of non-precipitating water (cloud water and cloud ice) to the total water, Rm(Non-prec) , in both climates. For this analysis, a large sampling area is needed in order to obtain a good relationship so that the rectangle (A) shown in Fig. 1 is adopted as the analysis area. In the present climate, most of the water mass comes from solid precipitating water below a temperature of 20°C (Fig. 5a) . Rm(Solid prec) decreases gradually from the temperature of 20 to 5°C and drops steeply around the freezing point, and is negligibly small for temperatures exceeding 5°C. This relationship is connected to many microphysical processes: condensational and depositional growth, accretional growth, melting, freezing, and sedimentation of hydrometeors. It is difficult to determine which process plays the main role in the determination of the temperature dependence shown in Fig. 5a . In the global warming climate (Fig. 5b) , we cannot say that there is significant difference from the present climate (Fig. 5a) , because there are large variances in the mass ratios in both climates. Rm(Non-prec) approximately indicates the ratio of cloud water to snow (rain) water above (below) the freezing level. In the present climate (Fig. 5c) , non-precipitating water is the remainder of the mass ratio of snow and graupel to total water (Fig. 5a ) above the freezing level. Below the freezing level, Rm(Non-prec) is around 0.6 and its peak is about 0.8 at a temperature of 5°C. No significant difference was found in Rm(Non-prec) between the present (Fig. 5c ) and global warming (Fig. 5d) climates.
Results
Vertical profiles of water substances
Mass ratios of water substances
Approximate formulas for the mass ratios
Recently, the high-resolution global climate model, AGCM, has been applied to the study on the climatology of extreme events such as typhoons and the heavy rain in Baiu season. In such a context, it is a possible strategy in future to integrate precipitating water as a prognostic variable into a global climate model, like cloud water content has been introduced as a prognostic variable in the models for the last decade. The performance of that kind of model could be evaluated using the mass ratios among water substances shown above as a reference data of the Baiu front.
Therefore, we propose approximate formulas for the mass ratios as a function of temperature. According to the results obtained in the previous section, it is possible to assume that there is a unique relationship between the temperature and the mass ratio in both climates. The approximate formulas of the mass ratio Rm are given in the form of a forth-order polynomial, based on the data from both climate simulations, 0°C 0°C where an and bn (n=0,...,4) are the regression coefficients. Tc is the temperature in Celsius. The forth-order polynomial is sufficient to represent accurately the relation between the mass ratios and temperature. A leastsquare-fitting method was applied to obtain an and bn, as shown in Table 1 . The solid curves in Fig. 6 indicate the values calculated from the approximate formulas.
Conclusions
The Baiu (Mei-yu) front over East Asia in the global warming climate, as well as the present climate, is simulated using the 5-km NHM with explicit microphysics. The comparisons of the simulated vertical profiles of cloud and precipitation particles between the climates were made to examine the effect of global warming.
The non-precipitating water and snow distribute about 1 km higher in the global warming climate than in the present climate. The upward shift of the lower limit of the snow distribution is caused by the warming of the atmosphere. Although the quantitative evaluation involves the uncertainties to the treatment of boundary layer, radiation and convection in the model, the mixing ratios of water substances in the global warming climate are larger by a factor of about 1.3 at the middle of the Baiu frontal zone. It is fair to say that this feature is caused by the enhancement of condensational and depositional growth of hydrometeors through the moistening of the atmosphere due to global warming.
The relationships between the temperature, and Rm(Solid prec) and Rm(Non-prec) show no significant difference from one climate to the other. This is a reflection of that the shape of each hydrometeor profile is similar between the present and global warming climates. The approximate formulas of the mass ratios are obtained as a function of temperature based on the simulation results.
This study presented the effect of global warming on the water substances in atmosphere with a simple comparison of the hydrometeor profiles. It is also necessary to examine the effect on microphysics with attention to a multi-scale interaction from meso-to micro-scale phenomena in the Baiu system. This matter is left open to a future study. Table 1 . Regression coefficients in the approximate formulas of Rm(Solid prec) and Rm(Non-prec). Rm(Solid prec) Rm ( 
